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 The number of orthopedic procedures performed per year in the United 

States is expected to grow to 6.6 million by 2020 (1).  Most of these surgeries 

involve some degree of bone drilling and screw fixation, putting many patients at 

risk of the adverse effects of the heat-induced osteonecrosis which can limit the 

holding strength of bone screws and the efficacy of the screw-dependent fixtures.  

Excessive heat-induced osteonecrosis can occur when surgeons prolong the drilling 

procedure to avoid drill plunge, which can cause damage to soft neurovascular 

tissues local to the drilling site  (2).  The SMARTdrill system used in this study 

maintains constant drill bit RPM, linear feed rate, and real-time torque 

measurements which can be used to prevent drill plunge and shorten drilling times, 

thus reducing thermal osteonecrosis and the morbidities that can result from it  (3). 

 SawBones artificial bone were used in this study.  Pilot holes of various 

sizes were drilled using comparably-sized drill bits from multiple manufacturers.  

Standard orthopedic bone screws were inserted into the previously drilled pilot hole 

using the same drill, and the screw insertion energies were derived using the 

resulting torque-angle curves.  An Instron-compatible apparatus was developed 

according to the ASTM 543-17 for testing orthopedic screw pull-out strength.  The 

data from the samples produced using each drill bit class were compared amongst 

each other to evaluate relative effectiveness. 
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 Multiple methods were used to model the experimentally-collected data, 

and each model was compared using statistical techniques to evaluate efficacy.  

The exponential law, the power law, linear regression, and the law of homography 

were all examined in this study.  The data collected was able to be modeled 

effectively using one or more of the mathematical representations derived in each 

case. 
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Chapter 1 

Introduction 

 
 The technology which exists within the practice of orthopedic bone drilling 

has remained largely unchanged over the past several decades.  The tools used by 

modern orthopedists could be considered archaic in comparison to the 

instrumentation and devices used in other medical specialties.  The creation of a pilot 

hole through use of an orthopedic drill and drill bit is a common procedure in 

orthopedic practice and is generally followed by the insertion of an orthopedic screw 

for bone fixation and/or fixture placement.  These devices, barring considerations for 

sterility and observations for general patient safety, do not differ much from drills 

and drill bits which are commercially available for general non-medical uses.  It has 

been shown in at least one study that drill bits designed specifically for orthopedic 

use are outperformed rather significantly in terms of thermal energy generation in 

tissue by standard off-the-shelf commercial tool drill bits; moreover, the orthopedic 

drills themselves do not provide any advantage to the surgeon over a standard 

industrial drill  (4). 

 The amount of thermal energy generated during orthopedic drilling is used as 

a metric of performance since excessive heat generation can lead to thermal 

osteonecrosis, or heat-induced tissue death.  It is difficult for surgeons to know in 

real-time as to whether dangerous levels of heat are being produced, and so devices 

which have been fixated in damaged tissue can become loose over time and cause 

implant failure – prolonging the healing process and possibly causing significant 
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detrimental effects to the patient  (5).  A major contributing factor to the amount of 

thermal energy generated during the drilling process is the drill dwell time, or the 

amount of time that the surgeon spends drilling a given hole in bone.  As the dwell 

time increases, the level of thermal energy tends to increase, as well; however, it is 

important that the surgeon not rush the drilling process so much as to increase the 

risks associated with drill plunge.  Drill plunge occurs when the drill bit travels past 

the opposite cortical layer of the bone tissue, exposing it to other anatomical features 

of the patient.  It is not uncommon for arteries and nerves to be located close to bone, 

and so damage to these tissues is possible in scenarios involving drill plunge  (3).  

One example of such an iatrogenic injury is the perforation of the branches of the 

profunda femoris artery.  This injury is considered rare but has been observed 

because of drill plunge following screw fixation used to stabilize intertrochanteric 

femoral fractures  (6). 

  There have been several different approaches developed with the purpose of 

avoiding the potential negative outcomes of orthopedic procedures involving 

drilling, though some have negative outcomes of their own.  One method in which 

surgeons try to avoid plunge and/or unnecessary hole drilling is to incorporate 

different imaging modalities during the procedure for the purpose of effective intra-

operative navigation.  To ensure proper implant placement, drill orientation, and 

other spatial considerations appropriately, several radiographic images can be taken 

throughout a procedure.  These imaging modalities can include techniques associated 

with fluoroscopy systems, computed tomography, ultrasound, or any combination 

thereof  (7).  While this is not necessarily harmful to the patient if they do not 

repeatedly find themselves on the operating table, repeated implementation of these 

methods (specifically, those requiring the use of radiation energy) can be harmful to 

the surgical team over lengths of time due to large amounts of radiation exposure.  

While it has been shown that the amount of radiation imaging used in different 
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procedures decreases with surgeon experience levels, it remains an occupational 

hazard for orthopedists  (8). 

 In this study, a new surgical tool was evaluated which implements novel 

sensor systems and mechatronic implementations to prevent drill plunge and 

minimize thermal osteonecrosis. The SMARTdrill from Smart Medical Devices, Inc. 

allows surgeons to view real-time data for drill bit depth, drill RPM, torque on the 

drill bit, and drilling energy among other things.  These real-time outputs require no 

radiation-based imaging or computationally-intense processing algorithms but 

provide surgeons with a wealth of information previously unavailable in real-time.  

Additionally, the data collected from this system will be used to build estimation 

models for sample density and axial load orthopedic screw pullout strength, which 

would aid surgeons in determination of implant requirements and other procedural 

considerations  (9). 
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Chapter 2 

Orthopedic Screw Implants and 

Tooling 
 

 

 Both orthopedic screw implants and the drill tooling used to properly place 

them in bone tissue have many modifiable parameters, each of which having effects 

on certain outcomes on matters such as maximum loading and drilling energy (the 

two main concepts discussed within this review).   

 Orthopedic screws (like all screws) are devices which are intended to convert 

rotational motion into linear motion.  Fundamentally a screw consists of a screw 

head, a main core, threads, and a screw tip.  Typically, the head of the screw will 

consist of some form of drive pattern.  In orthopedics, this drive pattern is generally 

hexagonal or star-shaped.  A matching driver is inserted into the drive of the screw, 

and the orthopedist is then able to twist the screw into the bone fragments to draw  

Figure 1 - Schematic representation of an orthopedic bone screw (24). 
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two or more of them together in compression.  Screw heads are often spherical in 

shape on the bottom, with the purpose of allowing insertion at multiple angles while 

maintaining consistent stress distribution.  The main core of the screw (the diameter 

of which is referred as the core diameter) provides most of the loading strength of 

the screw.  A screw’s core diameter drives the surgeon’s choice of drill bit, as the 

diameter of the drill bit should roughly match that of the core diameter of the screw.  

The screw threads make up the screws outer or nominal diameter, with the effective 

thread depth defined as the difference between the nominal and core diameters.  The 

pitch of the thread determines the distance between two threads along the screws core 

and will also dictate the number of turns required to move a screw a given length in 

the axial direction.  A screw’s tip will either be rounded, self-tapping, or self-drilling.  

When selecting screws for use, those which will be implanted into cortical bone 

tissue will typically have higher pitch and lesser effective thread depth.  Less dense 

cancellous bone requires more effective thread depth, and a coarser pitch is typically 

used as well.  Screws are commonly made up of either stainless steel or titanium 

alloys (10).  Figure 1 provides a general schematic representation of some of the 

features discussed. 

In the case of orthopedic drill bits, there are really two classes of features 

which can be identified by their respective functions.  The first class of features 

involves the actual cutting of bone material.  These items generally involve 

characteristics of the drill bit tip, where the cutting takes place.  Some of the more 

crucial parameters include the bit’s rake angle, cutting face, and clearance angle (See 

Figure 2 below).  A drill bit’s rake angle (sum of wedge angle and clearance angle, 

as in Figure 2) describes the angle at which the cutting portion of the bit approaches 

the material, where a rake angle of 0° would place the cutting face absolutely 

orthogonal to the substrate being cut (11).   
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It has been observed that rake 

angles between 20° and 30° produce 

the highest levels of drilling 

efficiency (3).  The length of the 

cutting face generally increases as bit 

diameter increases, and therefore 

larger diameter bits will require more 

energy as the bit is cutting more 

material at any given point during the 

process.  The clearance angle of the 

bit refers to how much of an angle the 

flank (non-cutting portions of the end 

of the drill bit) clears the substrate 

after it is cut by the leading cutting edge.  Unlike the rake angle, the clearance angle 

is referenced from the plane orthogonal to the axis of the bit.  Higher clearance angles 

tend to reduce friction during drilling, and thusly the heat generated as well (11).  

The second class of features deals with the clearing of debris created during 

the drilling process.  Clearing of debris is crucial in reducing overall friction during 

drilling and maintaining the efficiency of the 

cutting portions of the drill bit.  The helix angle 

and land width are the primary drivers of debris 

removal in drilling, and drive some of the other 

features of the drill bit such as the flutes.  Flutes 

are the recessed channels which are wound 

helically along the axis of the bit and provide a 

passage for debris created by the cutting portion of 

the bit to be carried out and away from the hole.  

The helix angle refers to the angle at which the 

Figure 2 - Schematic showing the rake 

and clearance angle locations on an 

orthopedic drill bit (11). 

Figure 3 - Schematic showing 

differences in flute angle.  

"Slow", "standard", and 

"quick", from top to bottom 

(11). 
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flutes are cut in axial reference to the body of the drill bit.  Bits with larger helix 

angles, also referred to as “quick”-fluted bits, are more proficient in clearing wet-

type debris like that which is encountered in drilling of live bone; however, their 

“slow”-fluted counterparts (with lower helix angles) are more efficient in clearing 

dry debris like that which is observed when machining steel (11).  Figure 3 provides 

a schematic comparison of the different types of flute angles.  Although several 

studies have been performed to analyze optimal solutions, the difficulty in 

development of an appropriate mathematical model to predict heat generation as 

function of all these parameters (and more) has yet to be fully accomplished (3). 
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Chapter 3 

Common Orthopedic Screw Insertion 

Procedure 

 

History 

 
 Over the course of medical history, the implementation of bone screws and 

other orthopedic implants is a relatively new development.  Drilling of bone dates 

back to the Neolithic period, in which the predominant tools used by people of the 

time consisted of nothing more than polished stone.  As far as modern knowledge is 

aware, the process of drilling holes in the cranium – called trepanation – is perhaps 

the oldest surgical procedure documented by man and was performed to abet 

symptoms of head trauma (12).  It wasn’t until the early 19th century that the first 

threaded fasteners were used in a surgical theatre.  The invention of the screw-cutting 

lathe in the late 18th century allowed for wider adoption of the technology.  A German 

surgeon named Carl Hansmann was able to complete the first internal plate fixation 

using a steel plate fixed with nickel-plate screws in 1886, and though the 

methodology was crude it was a significant advancement in orthopedic practice.  

Forty years later, William Sherman published the first formal recommendations for 

the properties of screws intended specifically for orthopedic practice.  Sherman 

identified desirable properties ranging from mechanical dimensions to recommended 

alloys from which to cut the screws.  Many of his design recommendations were 
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viewed as the gold standard until the advent of the AO screw in 1958 (AO is an 

abbreviation for Arbeitsgemeinschaft für Osteosynthesefragen, which translates to 

Association for the Study of Internal Fixation).  The AO is a group which still exists 

today and has contributed a significant number of advancements in orthopedic 

devices and implants since its inception (13). 

 

Current Practice 
 

 The general procedure followed in modern placement of orthopedic screws 

for internal fixation of bone fragments includes three main phases.  The first phase 

requires that the surgeon places all fragments in a position of anatomical reduction, 

if necessary.  Anatomical reduction is a process that involves reducing the unwanted 

displacement of bone fragments and putting them into a position resembling the 

patient’s natural anatomy before fracture or fragmentation occurred.   

Secondly, standard round-tipped screws or self-tapping screws require both 

a glide hole as well as a pilot hole before insertion (when using the glide hole 

approach in the case of bone fragmentation reduction, the implant tis referred to as a 

lag screw).  The glide hole is drilled first, and the size of the drill bit selected must 

be slightly larger in diameter than that of the thread diameter of the bone screw.  The 

glide hole is only drilled through the bone fragment nearest to the surgeon’s initial 

approach at an angle of 90° to the fracture line.  Once selected and placed in the 

chuck of the drill, the surgeon must carefully begin drilling out bone material.  If the 

screw is not being used to hold another implant (such as a plate) in place, then the 

entry point of the glide hole must be countersunk to prevent excess stress buildup in 

the bone tissue beneath the screw head.  The size of the drill bit used for the pilot 

hole must be purposefully selected to match (within allowable tolerance) that of the 

core diameter of the screw to be inserted.  A drilling sleeve can be placed over the 
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drill bit mounted in the chuck and placed through the glide hole, and then the pilot 

hole is drilled into the bone fragment adjacent to the fragment in which the glide hole 

was placed.  Once the pilot hole has been completely drilled out, the surgeon must 

measure the depth of the hole using a specialized wire-depth gauge.  A metallic wire 

is passed down the length of the glide and pilot holes past the exit point, and the wire 

gauges hooked end is then engaged on the obtuse-angled edge of the exit hole (if the 

pilot hole is angled).  The gauge then provides the surgeon with a depth reading and 

is removed from the pilot hole (10).   

The third and final phase involves the placement of the orthopedic screw 

implant.  Using the information gathered in the depth measurement process, an 

appropriate screw length is determined, and the implant is selected.  Screw length is 

important because a screw which is too short does not provide the implant with 

optimal purchase, or holding strength, thereby reducing the axial loading capacity of 

the implant.  If the screw is too long, the tip will protrude from the cortex of the bone 

and can cause damage to soft tissues in the region.  The screw is inserted using a 

manual hexagonal or star-shaped driver.  As the screw is advanced into the bone, the 

head of the screw engages the cortex and begins to pull the two fragments together 

in compression.  The screw is tightened until a proper level of interfragmentary 

compression is achieved (10).  Historically, surgeons would attempt to tighten the 

screw as much as possible.  Current AO recommendations state that the surgeon 

should tighten the screw to approximately 2/3 of the maximum torque levels.  The 

reasoning behind this recommendation is that tightening a screw to maximal torque 

just below thread-stripping torque provides little advantage in terms of improved 

fixation and healing and leaves little remaining strength for any additional functional 

load applied to the implant as the patient moves (14).  This process can occur several 

times within a single procedure to ensure proper fragment or implant fixation.   
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Chapter 4 

Common Issues in Orthopedic Drilling 

and Implant Fixation 
 

Drill Plunge 
 

 One of the main issues associated with orthopedic bone drilling is commonly 

referred to as drill plunge.  Drill plunge occurs when the tip of the drill bit in use 

travels beyond the cortical boundary on the opposite side of the surgeon’s initial 

approach.  During the drilling process, the surgeon is required to apply a certain 

amount of force to the drill to counter the resistance of the bone tissue.  As the drill 

bit clears the opposite cortical boundary, the axial reaction forces applied by the bone 

tissue to the drill drops to essentially nothing.  In current practice, it is difficult for 

surgeons to know when the drill bit is approaching the opposite cortical boundary, 

and so the force applied by the surgeon remains constant even when the bone tissue 

reaction forces drop, resulting in an average extracortical drill bit travel distance 

recorded in some studies of up to 20 mm.  While a distance of only 2 cm may not 

seem significant, it puts a variety of neural and vascular structures located near bone 

throughout the body in harm’s way.  For example, the radial nerve can come within 

just 10 mm of the humerus at the closest point, which is well within the reach of a 

plunging drill bit.  Damage to this structure could cause irreversible damage and 

ipsilateral sensorimotor function loss in regions of the patient’s upper and lower arm.  

The posterior tibial cortex lies within less than 12 mm of an entire neurovascular 
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bundle, which could cause surgical complications with arterial hemorrhaging in 

addition to long-term effects of nerve damage if struck by a drill bit (15). 

Studies have shown that significant levels of drill plunge are observed in 

procedures performed by surgeons across all skill and experience levels, putting any 

patient undergoing an orthopedic procedure involving orthopedic screw placement 

at risk for the morbidities associated with drill plunge (16).  Several factors have 

been identified which influence the degree of drill plunge which can occur for any 

given pilot hole formation.  As mentioned earlier, drill plunge occurs despite the level 

of experience of the surgeon; however, it has been shown that surgeons with more 

experience plunge less than novice practitioners by as much as a factor of two (16).  

The bone density at the drilling site also influences the degree of drill plunge, with 

higher densities producing higher levels of drill plunge.  As bone density increases, 

the force applied to the drill tooling must increase as well to ensure the drill bit 

properly cuts the tissue, resulting in higher risk to the soft tissues in close proximity 

to the drill bit’s point of exit.  In addition to the above, the wear of the drill bit is also 

influential.  Alajmo, et al., have shown that the plunge distance can increase by as 

much as 16 mm when using dull drill bits, putting even more anatomical structures 

at risk of damage. 

Thermal Osteonecrosis 
 

 Another major issue facing orthopedic surgeons when drilling bone tissue 

involves the death of the bone tissue surrounding the drilled area, called 

osteonecrosis.  There are two known overarching mechanisms for drilling-induced 

osteonecrosis, one being excessive friction heat generation and the other involving 

apoptosis of osteocytes from micro-crack formation during drilling.  While tissue 

death arising from heat generation, referred to specifically as thermal osteonecrosis, 

is a more direct form of damage, the loss of osteocytes essentially increases the risk 
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of localized bone tissue loss through reduced blood transport and increased 

resorption rates in regions local to the implant.  Implant-localized osteonecrosis is an 

important consideration in orthopedic procedures because the compressive forces 

upon which the healing efficacy of the implant relies are themselves dependent upon 

the ability of the screw implants to maintain their level of fixation throughout the 

process.  If osteonecrosis occurs, bone tissue resorbs around the implant which 

reduces the overall purchase of the screw threads and lowers the implant viability 

over time (3).   

Many parameters have been identified which influence the amount of heat 

generated when drilling bone, and range in form from equipment type to biological 

factors to procedural influences. For example, the amount of time a specific region 

of bone tissue is exposed to heat is critical in determining how long a surgeon can 

drill within a certain volume of bone.  It has been shown that any tissue that reaches 

70° Celsius will die immediately, whereas lower temperatures (above 44° Celsius) 

can give rise to tissue damage when exposed to those temperatures for prolonged 

periods of time; though, these exposure periods have been shown to be as short in 

duration as one minute.  The density of the bone tissue itself also influences the 

amount of heat energy generated during drilling.  Higher density regions of bone 

have been shown to correlate with higher levels of generated heat due to the increased 

levels of drilling energy required to create a hole.  Essentially all of the drill bit 

specifications discussed in previous sections can be optimized to reduce drill-induced 

thermal energy (3). 

 

 

 

 

 



14 

 

 

 

 

Chapter 5 

Review of Theoretical Modeling Tools 
 

 Several models were used in analyzing the output data of this study to 

determine the best fit according to the calculated coefficient of determination 

(commonly known as the R2 value) for the relationships between Drilling Energy vs 

Sample Density and Drilling Energy vs. Maximum Axial Load.  The models used 

include Simple Linear Regression, the Power Law, the Exponential Law, and the 

Law of Homography.   

Simple Linear Regression 
  

 Simple linear regression is perhaps the most commonly used and simplistic 

techniques used to develop mathematical relationships between variables.  The 

general form of a bivariate linear regression model can be expressed as shown in 

Equation 1: 

 𝑦(𝑥) = 𝑚𝑥 + 𝑏 [1] 

 

Where y(x) represents the dependent variable, x represents the independent variable, 

the slope of the line is given by m, and b provides the point at which the model passes 

through the y-axis where the given domain is zero-valued. There exist several ways 

to perform a linear regression in terms of the establishment of a performance 

criterion, and they can be implemented within both power law and exponential law 
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modeling to derive those models’ parameters after the transformation of the data to 

either a log-log plot or a semi-log plot.   

The Ordinary Least Squares Method (OLM), for example, identifies the best 

equation for a line which minimizes the sum of the squared residuals between the 

actual, empirically-collected data and the predictions of the developed linear model 

by finding the optimal slope and y-intercept of said line (17).  The total error, given 

by ε, of a linear predictor using the OLM model can be defined as provided in 

Equation 2: 

 ε =  ∑(𝑦𝑖 − 𝑏 − 𝑚𝑥𝑖)2𝑛
𝑖=1  [2] 

 

To solve for the appropriate values of m and b, a standard minimization 

approach can be taken wherein the partial derivatives of the function defined by ε is 

taken with respect to both m and b, and both results are set equal to zero.  Equations 

3 and 4 show the results of taking the partial derivative with respect to m and b of 

Equation 2: 

 
𝛿𝜀𝛿𝑏 =  ∑ −2(𝑦𝑖 − 𝑏 − 𝑚𝑥𝑖)𝑛

𝑖=1 = 0 [3] 

 

 
𝛿𝜀𝛿𝑚 =  ∑ −2𝑥𝑖(𝑦𝑖 − 𝑏 − 𝑚𝑥𝑖)𝑛

𝑖=1 = 0 [4] 

 To solve Equation 3 for b, the summation can be performed directly to yield 

the result given in Equation 5, where 𝑦 and 𝑥 represent the vector forms of the 

dependent and independent variables: 

 𝑛𝑏 = 𝑛𝑦 − 𝑛(𝑚𝑥) [5] 
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 Dividing through by the number of sample points, n, a solution for b is 

reached: 

 𝑏 = 𝑦 − 𝑚𝑥 [6] 

 As a sanity check, note that the equation of a simple linear model provided 

in Equation 1 is equivalent to that which is provided in Equation 6, only arranged 

slightly differently.  To solve for the optimal value for m, Equation 7 uses the result 

obtained in Equation 6 to substitute b in Equation 4, and the summation is distributed 

to each individual term: 

 ∑ 𝑥𝑖𝑦𝑖𝑛𝑖 − 𝑦 ∑ 𝑥𝑖𝑛𝑖 + 𝑚𝑥 ∑ 𝑥𝑖𝑛𝑖 − 𝑚 ∑ 𝑥𝑖2𝑛𝑖 = 0  [7] 

 The summation operation can be directly applied to all terms except for the 

first, and rearranging to solve for m provides the relationship in Equation 8: 

 𝑚 =  ∑ 𝑥𝑖𝑦𝑖𝑛𝑖 −𝑛(𝑥 𝑦)∑ 𝑥𝑖2𝑛𝑖 −𝑛(𝑥2)   [8] 

 Equation 8 can be further reduced to achieve the final representation for m: 

 𝑚 =  ∑ (𝑥𝑖− 𝑥)𝑛𝑖  (𝑦𝑖−𝑦)∑ (𝑥𝑖−𝑥)2𝑛𝑖   [9] 

(18) 

The Power Law 
 

 A power law can be observed in any relationship between two values wherein 

said relationship can be represented linearly on logarithmic axes (19).  The most 

simplistic form of a power law (which is also the form used in this study), can be 

shown as: 
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 𝑦(𝑥)  ∝ 𝑥𝜆   [10] 

Where y(x) represents the dependent variable, x represents the independent variable, 

and 𝜆 represents the exponent of the power law, which can be derived by taking the 

slope of the line created when plotting the two variables against each other on 

logarithmic axes.  The form of power shown above is specifically referred to as a 

bivariate power law, wherein a change in the independent variable effects an 

exponential change in the dependent variable, scalable by some constant (inferable 

by the general proportional relationship provided in Equation 10 above).   

These types of relationships have been used to model a plethora of 

phenomena, ranging in fields form financial analysis to the analyses on the general 

behavior of the internet.  It has been shown that some applications of power laws 

were ill-advised and not properly proven over several orders of magnitude, though 

for the purposes of this study when considering the narrow domain of bone densities, 

it is believed that a power law can be appropriately implemented within the scope of 

this application (20).  Power law relationships can be derived by simply taking the 

base-10 logarithm of both variables to linearize the data, and then the same methods 

used to derive simple linear models using OLM can be applied to that data set; 

however, the OLM-returned coefficients will be represented as logarithmic terms and 

so the exponential operator must be applied to the determined model to achieve a 

result similar to what is shown in Equation 10. 
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The Exponential Law 
 

 Exponential law modeling is commonly used to mathematically describe 

growth models in different fields, including biology and computer science.  In 

Moore’s Law, for example, an exponential model has been observed over historical 

trends and is used to predict the number of transistors in a densely pack integrated 

circuit (indirectly, a measure of the performance of computer chips) (21).  The form 

of exponential law that applies to this study follows the form: 

 𝑦(𝑥) = 𝑎𝑏𝑥  [11] 

Where y(x) represents the dependent variable, x represents the independent variable, 

and a and b are empirically-identified constants.  In contrast to the power law 

discussed previously where the exponent remains constant, the degree of the 

exponential changes within the domain of the relationship being defined.  An 

exponential relationship can be identified by plotting empirical data on a 

semilogarithmic plot.  If a linear relationship is seen in this case, then it is possible 

for a relationship defined by an exponential law to exist.  In the example provided 

by Moore’s law, the exponential is associated with time, whereas in this study other 

factors such as sample density will be used in the exponential. Similarly to power 

laws, exponential laws can be derived using the same mathematics described in the 

section discussing simple linear regression; though, instead of applying the base-10 

logarithm to both variables it is applied only to one, producing a semi-log 

relationship.   
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Law of Homography 
 

 The application and development of homographical laws are somewhat more 

involved than the models discussed thus far.  While linear regression, power law, and 

exponential law models require a linear relationship to be shown naturally or under 

some logarithmic transformation of the data, homography requires that a relationship 

exists between the invariants of both the independent and dependent variables.  If 

such a relationship does exist, then the relationship between two variables can be 

represented through the general form of the homographical transformation in 

Equation 3 below: 

 𝑦(𝑥) =  𝛼𝑥+ 𝛽𝛾𝑥+ 𝛿   [12] 

Where y(x) represents the dependent variable, x represents the independent variable, 

and α, β, γ, and δ are empirically-identified constants intrinsic to the relationship 

being examined between y(x) and x.  A minimum of three pairs of the independent 

variable, y(x), and the dependent variable, x, must be known in order to solve for the 

coefficients presented in Equation 12. (22).   
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Chapter 6 

Materials and Methods 

Sample Material Selection 
 

 To effectively simulate bone material of varying density in discrete steps for 

modeling purposes, artificial polymer-based materials available from SawBones 

were selected, ranging in density from 10 to 50 pounds per cubic foot (pcf).  The 

solid rigid polyurethane foam block material was selected for each density within the 

test domain.  This material is in conformance with ASTM F-1839-08 “Standard 

Specification for Rigid Polyurethane Foam for Use as a Standard Material for Testing 

Orthopaedic Devices and Instruments”.  Both product groups are within a ± 10% 

error in density (23).  Uniform density blocks were used in this study.  

 The orthopedic drill bits were provided by Smart Medical Devices, Inc.  The 

drill bits each came from different manufacturers, but for this study they were treated 

as if they were the same apart from their dimensions.  Sizes selected for testing 

include a 2.5 mm bit, a 2.7 mm bit, and a 3.2 mm bit.  Each drill bit was used to 

create pilot holes in preparation for the insertion of 3.5 mm orthopedic bone screws.     

 

 

 



21 

 

Sample Preparation 
  

SawBones samples were provided in 54 mm x 54 mm x 18 mm blocks.  Each 

supplied block was cut down into 25 mm x 25 mm x 18 mm samples.  To ensure 

statistical significance, 12 samples per density group per tested drill bit were 

prepared, totaling 180 samples.  A 

Ryobi band saw was used to cut the 

sample blocks to size.  A HEPA 

respirator was worn to prevent dust and 

particulate inhalation during the cutting 

process, and safety glasses were worn to 

prevent debris from getting into the 

operator’s eyes.  Each density group 

was kept together using plastic zip-top 

bags labeled with permanent marker.  

While no testing was taking place, all 

samples were separated and stored in 

storage containers in a locked office. 

.   

Drilling Energy Data Collection 
  

Hardware Setup 

 
The SMARTdrill device provided by Smart Medical Devices, Inc. was used 

to measure and collect drilling energy data throughout this experiment.  For each drill 

bit size tested, 12 samples were drilled using the SMARTdrill device and associated 

software program.  Each bit had a smooth shank and was thusly mounted to the drill 

Figure 4 - Cut SawBones sample blocks 

(25 mm x 25mm x 18mm) used in testing 
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using a standard Jacobs chuck and chuck key.  The SMARTdrill was then powered 

on, and the Smart Medical Devices, Inc. (hereon referred to as SMD) computer 

application was opened and paired with the drill via a Bluetooth connection.  The 

depth guide, or “harp”, was zeroed to the end of the drill bit to the best of the 

operator’s estimation, and the “Zero” setting was adjusted within the SMD software.  

The harp was then retracted to within 5-7 mm of the drill’s chuck, and the “Limit” 

setting was adjusted in software to prevent collision of the harp with the rotating 

chuck during operation.  The “Retract” function was used to return the harp to the 

position set during the zeroing process.  Drilling speed (in rotations per minute, or 

RPM) was set to 600, and the feed rate was set to 1.5 mm/sec.  A downward force of 

approximately 15 Newtons was applied to the drill by the operator throughout the 

drilling of each hole. 

Drilling Procedure 
 

 Each sample block was placed firmly inside a custom-machined drilling jig 

designed to allow for consistent center-drilling and 90°-bit angle.  After ensuring that 

the drill harp was fully retracted (completely sheathing the drill bit), the harp was 

inserted into the jig’s center hole.  The sample block and jig assembly were then 

placed atop a gelatin block to prevent any drill plunge from damaging the test bench.  

The operator applied a minimum of approximately 15N of downward force on the 

sample with the drill before starting to drill the pilot hole (as reported by the drill’s 

sensor system).  After appropriate drill placement and pressure, the operator engaged 

the drill spindle using the SMARTdrill’s bottom trigger, and once the correct spindle 

RPM was achieved the upper trigger was engaged to begin advancement of the drill 

bit into the sample.  The real-time drill bit torque vs. position output of the SMD 

software was observed by the operator during the drilling process.  Once a sharp drop 

in drilling torque was observed (signifying that the tip of the drill bit had passed the 

opposite end of the sample block), the operator ceased drilling and removed the bit 
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from the sample.  The drill bit’s flutes were cleared of sample debris using a standard 

medium bristle paint brush.  The harp was retracted once again, and the zeroed 

position was validated.  Corrective action was taken to re-calibrate the zero point if 

necessary.   

The data generated by the SMD software application was then exported to a 

comma-separated value formatted file for post-processing.  Data in the exported files 

include position, drilling time elapsed, actual drill RPM, drilling torque, drilling 

energy, drill force, drilling power, and timestamps associated with each 

measurement.  Drilling data was collected for 12 samples in each density group (10, 

20, 30, 40, & 50 pcf) for each tested drill bit for a total of 180 samples.  The data 

files were stored in directories organized by drill bit used as well as the corresponding 

sample density.  Each data file was named using the naming convention 

‘Sample#_Density_DrillDiameter.csv’ with the purpose of simplifying semi-

automated post-processing in MATLAB and allowing for easy identification of the 

data stored within each file. 

Screw Insertion Procedure 
 

 Once all the pilot holes were 

drilled using the various drill bit 

sizes mentioned previously, 3.5mm 

small-fragment orthopedic bone 

screws with a 1.5 pitch were driven 

into 6 samples each across all density 

groups using a 4.5 mm drive manual 

screwdriver.  Each screw was 

inserted to a depth of 18 mm, 

matching the thickness of the sample 
Figure 5 - Manual 4.5 mm hexagonal driver 

used to insert the orthopedic bone screws. 
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blocks.  The lengths of the screws used in this study were selected so that the head 

of each of the screws remained above the top of the sample block enough for the 

axial load testing apparatus to grip the screw head effectively.  

 

Screw insertion energies were unable to be recorded due to limitations in the 

SMD data acquisition platform.  The available discrete linear feed rate and drilling 

speed settings were 

unable to be properly 

matched to the 1.5 

pitch of the 

orthopedic screw 

threads, and so the 

resulting data was 

deemed inaccurate to 

an unusable degree 

by the researchers.  

 

Axial Load Data Collection 

Axial Load Testing Apparatus Installation and Setup 
 

 A special Instron-compatible apparatus was designed and fabricated with the 

specific purpose of testing the maximum axial load, or pullout strength, of the 

inserted orthopedic bone screws.  The device was designed to be in conformance 

with ASTM 543-17 “Standard Specification and Test Methods for Metallic Medical 

Bone Screws”.  The sample-holding block of the apparatus was attached to the base 

Figure 6 - A group of six samples after preparation was 

completed. 
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of the Instron Universal Testing Machine using its native bolt pattern and hardware.  

The Instron was outfitted with a 5 kN load cell.   

The upper portion of the 

apparatus was mounted to the load cell 

using the load cell’s native mounting 

hardware.  The upper apparatus consisted 

of a means to grip the head of the 

orthopedic screws, as well as an 

implement designed to insert into the 4.5 

mm hexagonal drive of the screws to 

prevent rotation during loading.  Testing 

parameters in the Blue Hill Instron 

routine used for this study included a 5 

mm/min strain rate, also in accordance 

with the ASTM mentioned above.  The 

observed stress values were calculated 

using a standard formula for deriving 

stresses developed around a screw fixed 

in a uniform material with a 1.5 thread 

pitch.  The Instron testing protocol was 

configured to cease upon reaching a strain 

rate limit indicative of screw fixation 

failure. 

  

 

 

Figure 7 - Testing apparatus shown 

fully mounted to the Instron, and fully 

lowered to accept a new sample. 
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Sample Loading and Data Collection 

 
The procedure required for loading each tested sample into the apparatus 

firstly required that the Instron be placed in low power, and the upper apparatus be 

lowered toward the base such that the sample block and screw head could be 

simultaneously slid into their respective fixtures.  The anti-rotation implement was 

then lowered into the drive of the screw, and the upper apparatus was raised slightly 

to pre-load the sample.  The protective shield door of the Instron was then closed, 

and the Instron was placed into full-power mode.  The operator then activated the 

testing protocol from the Instron control station.  After each test was complete, the 

Instron was placed in low-power mode, the upper apparatus was lowered manually, 

and each sample was removed, labeled, and stored.  The raw data recorded by the 

Blue Hill testing software for each sample was exported to a separate comma-

separated value file for post processing using a file naming convention similar to the 

one discussed above in regard to storing the data collected in the drilling portion of 

the procedure.   
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Chapter 7 

Discussion 
 

Effects of Sample Density on Drilling Energy 
 

 One of the relationships examined in this study involves the effects of the 

drilled sample density on drilling energy.  In this context, drilling energy refers to 

the energy required (in Joules) to remove material in a pilot hole in preparation for 

the placement of an orthopedic screw in the sample substrate.  The effects of sample 

density on drilling energy followed a generally expected trend, wherein higher 

sample density required greater levels of energy for material removal.  Figures 8, 9, 

and 10 show a bar graph summarizing the drilling energy data collected in the study.  

Each minor bar represents the drilling energy measured in individual samples, while 

the major bars represent the average drilling energy across each density group.  The 

error bars represent one standard deviation from the mean in each group.  All sets of 

drilling energy data show minimal deviation from the mean, signifying a strong 

relationship between the density of sample and the energy required to remove 

material to produce a pilot hole. 
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Figure 8 - Raw data collected for drilling energy required to produce a full-

depth pilot hole across all sample densities using a 2.5 mm drill bit. 

 

 

 

 

 

 

Figure 9 - Raw data collected for drilling energy required to produce a full-

depth pilot hole across all sample densities using a 2.7 mm drill bit. 
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Figure 10 - Raw data collected for drilling energy required to produce a full-

depth pilot hole across all sample densities using a 3.2 mm drill bit. 

 

Figure 11 shows the efficacy of each of the models developed for drilling 

energy versus sample density for the 2.5 mm orthopedic drill bit.  The legend 

provides the coefficient of determination, often referred to as the R2-value, calculated 

to represent the goodness of fit for each model.  For this test group, the exponential 

model, power model, and homographical model all show strong correlations with the 

data showing coefficients of determination greater than 0.97.  For this particular set, 

the homographical model outperforms the rest; though, it does not perform as well 

as the power law model in either density extrema.  The simple linear regression 

model does not provide an accurate representation for this relationship when 

compared to the performance of other models.  The drilling energy relationships 

modeled for the 2.7 mm drill bit (provided in Figure 12) show a similar pattern to 

those developed for the 2.5 mm drill bit.  Though the coefficients of determination 

are shown to be higher for exponential and homographical models, the power law 

again appears to provide the best estimation across the full domain, as it passes 

through each sample group’s error boundary, and - despite the slightly higher 

coefficient of determination provided in the homographical model - seems to  
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Figure 11 – Model set derived using drilling energy collected from the 2.5 mm 

drill bit. 

 

 

 

 

 

 

Figure 12 – Model set derived using drilling energy collected from the 2.7 mm 

drill bit. 
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Figure 13 – Model set derived using drilling energy collected from the 3.2 mm 

drill bit. 

outperform each of the other modeling techniques in terms of trend estimation, 

especially in higher sample densities where the exponential model and 

homographical have a non-trivial degree of overestimation.  The homographical 

model performs extremely well for higher densities, but overshoots estimations in 

the lower density region.  It is observed once again that the three non-linear 

approximations show strong correlations with the data collected in this study.  Note 

that the magnitude of the drilling energy required to remove material in each sample 

group developed using the 2.5 mm drill bit is slightly lower than the required energy 

when using the 2.7 mm drill bit discussed previously, with a lower energy 

requirement of approximately 60% in the denser sample groups.  Though this trend 

is to be expected, it is worth pointing out that a change in drill bit diameter of only 

0.2 mm effected such a drastic difference in drilling energy requirements.  Figure 13 

shows the model set for drilling energy collected using a 3.2 mm orthopedic drill bit.   
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Figure 14 – Additional raw data collected to verify effects of higher sample 

density on drilling energy when using a 2.5 mm drill bit. 

 

 

 

 

 

 

Figure 15 – Additional raw data collected to verify effects of higher sample 

density on drilling energy when using a 2.7 mm drill bit. 
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Figure 16 – Additional model sets to verify effects of higher sample density on 

drilling energy when using a 2.5 mm drill bit. 

 

 

 

 

 

 

Figure 17 – Additional model sets to verify effects of higher sample density on 

drilling energy when using a 2.5 mm drill bit. 

The required energy across all sample groups is shown to be higher than the 

other smaller bits, except in the 50 pcf sample group, which is comparable to the 

drilling energy measured when using the 2.7 mm drill bit.  It is conjectured that the 

higher density material has a greater tendency to induce clogging in the flutes of the 
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smaller drill bits, reducing the overall drilling efficiency and increasing the overall 

required drilling energy in this scenario.   

Interestingly, the strongest model for the data collected using the 3.2 mm drill 

bit is provided by simple linear regression, followed closely by the homographical 

law model.  It is possible that the wider flutes on the 3.2 mm drill bit are not as 

susceptible to clogging as are the thinner flute widths of the smaller bits, and so the 

effects of reduced drilling efficiency are not observed in this set of data.   

In order to ensure that the effects of higher densities on smaller drill bits were 

not an artifact of the procedure or equipment used in the drilling process, an 

additional drilling energy data set was collected using the 2.5 mm and 2.7 mm drill 

bits.  One of the original suspicions for the apparent decrease in drilling efficiency 

was that it was induced by the implementation of the aluminum drilling jig mentioned 

in the methods and materials chapter.  Whereas the lower density sample blocks were 

more forgiving of being slightly oversized, the higher density blocks required 

excessive force to be placed within the jig.  It is conceivable that the region of the 

higher density sample blocks within the recessed portion of the drilling jig was being 

compacted, thusly imitating a sample of higher density for a portion of the sample 

block’s depth.  To validate that the effects described were, in fact, inherent to the 

properties of the drill bit and not the drilling procedure used, the additional set of 

sample blocks was carefully drilled without using the jig.  The raw data collected can 

be observed in Figures 14 and 15.  It was observed that the two additional data sets 

collected were comparable in both magnitude and overall trend over sample block 

density, validating the original sample set. Additional regression analysis was 

performed to provide further validation.  The performance of each model in both the 

original data sets and the validation data sets matches extremely closely, with the 

greatest difference in model performance of a ΔR2 = 0.085 being shown in the simple 

linear regressions performed for the 2.7 mm data sets.  The additional models can be 

observed in Figures 16 and 17. 
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Figure 18 - Detailed output of homographical model developed for the 2.5 mm 

drill bit. 

 

 

 

 

 

Figure 19 - Detailed output of homographical model developed for the 2.7 mm 

drill bit. 
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 For all collected data sets involving drilling energy across sample density, 

homography models were derived.  Figures 18, 19, and 20 show the three-

dimensional and two-dimensional perspectives of the homographical data. The 

applicability of the homographical law was determined by performing a three-

dimensional analysis of the relationship between the drilling energy, sample density, 

and the product of the drilling energy and sample density.  In order to reasonably 

apply the homographical law models to these data sets, it is important to confirm that 

there exists a small toe region in the beginning of the data set’s domain, and that each 

collected datum lies along a theoretical plane within a reasonable degree of variance.  

If these criteria are met, then the application of homography-based modeling may be 

justified.  In all cases for the 2.5 mm drill bit and the 2.7 mm drill bit in which 

homography was applied, each criterion was met.  The data analyzed for the 3.2 mm 

drill bit did not meet the criterion regarding planarity, and so the computed 

homographical model is not applicable in that instance.   

 

Figure 20 - Detailed output of homographical model developed for the 3.2 mm 

drill bit. 
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Effects of Sample Density on Maximum Load 
 

In addition to an analysis on the effects of sample density on drilling energy, 

the relationship of sample density to maximum axial loading of the implanted 3.5 

mm thread diameter orthopedic screws was also examined.  Due to limited 

availability of materials, only 6 samples each were prepared for axial load testing.  

In some instances, sample preparation failures occurred resulting in their omission 

from these analyses.  The errors which were observed include partial or total implant 

pullout during sample pre-loading and failure of the data acquisition system to 

properly store the data.     

Summary bar graphs of the maximum load data gathered for the study can be 

observed in Figures 21, 22, and 23.  The variability of the data collected in the 

analyses involving maximum observed stress in axial load testing is far greater than 

that which was collected when observing drilling energy.  One observation which 

was made during experimentation was that, despite best efforts, some of the inserted 

screws were not perfectly aligned at a 90° angle with the surface of the sample 

blocks.  This variation would introduce additional non-axial stresses within the 

sample block, and likely cause failure under lesser loading conditions.  In spite of 

this, the data which was collected shows strong trends in all groups.  The similarities 

in axial pullout strengths across all of the data sets may be a result of the fact that the 

3.5 mm screws used were of the self-tapping variety, meaning that they will remove 

extra material from the pilot hole as they are inserted.  One could conceivably argue 

that the total amount of material removed from the sample block was the same across 

all drill bit diameter groups, and though the larger dill bits required higher amounts 

of energy to create a pilot hole, the rest of the energy required to remove excess 

material was applied during the screw insertion process.   
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Figure 21 - Maximum stress observed in samples prepared using the 2.5 mm drill 

bit. 

 

 

 

 

 

Figure 22 - Maximum stress observed in samples prepared using the 2.7 mm drill 

bit. 
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Figure 23 - Maximum stress observed in samples prepared using the 3.2 mm drill 

bit. 

 

Effects of Drilling Energy and Maximum Load 
 

On completion of the axial load testing, the average maximum observed load 

across all tested sample densities (shown as maximum stress in all related figures), 

was compared to the average measured drilling energy across all tested sample 

densities.  Similarly to the data collected in the drilling energy portion of the study, 

modeling methods were applied to each set of maximum load data and can be seen 

in Figures 24, 25, and 26.  The exponential model performed poorly in all cases.  The 

power law models performed reasonably well (coefficients of determination ranging 

from 0.918 to 0.993) in describing the relationship between drilling energy and 

maximum stress in all cases.  Simple linear regression proved to be the most accurate 

model for the sample set prepared using the largest (3.2 mm diameter) drill bit with 

a coefficient of determination of 0.936.  The exponential and homographical models 

yielded higher coefficients of determination (0.956 and 0.977, respectively), but this 

is likely due to their ability to compensate for the excessively low maximum load 

measurements observed in the 30 pcf sample group.  
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Figure 24 - Model set used to describe the relationship between drilling energy 

and maximum observed stress when using a 2.5 mm drill bit. 

 

 

 

 

 

 

Figure 25 - Model set used to describe the relationship between drilling energy 

and maximum observed stress when using a 2.7 mm drill bit. 
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Figure 26 - Model set used to describe the relationship between drilling energy 

and maximum observed stress when using a 3.2 mm drill bit. 

Homographical modeling was performed for all sets of data, and all sets 

failed to meet the criterion of planarity, rendering homographical modeling for these 

sets inapplicable despite the fact that they do show a characteristic toe region on the 

right-hand-side of Figures 27, 28, and 29.  In all sets, the data collected for the 30 pcf 

sample group can be seen well outside of any reasonable range of the theoretical 

plane.  The left-hand-side of Figures 27-29 shows the third value from the bottom 

projecting out quite significantly form the rest of the data.   
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Figure 27 - Detailed output of homographical model developed for the 

relationship between drilling energy and maximum loading using the 2.5 mm 

drill bit. 

 

 

 

 

Figure 28 - Detailed output of homographical model developed for the 

relationship between drilling energy and maximum loading using the 2.7 mm 

drill bit. 
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Figure 29 - Detailed output of homographical model developed for the 

relationship between drilling energy and maximum loading using the 3.2 mm 

drill bit. 

 

Effects of Drill Bit Diameter on Drilling Energy and 

Maximum Load 
 

A basic analysis on the effects of drilling energy and maximum observed load 

was also performed, providing some insight on how the diameter of drill bits affect 

those parameters.  Drill bit size did not appear to have any effects on the ultimate 

pullout strength of the 3.5 mm orthopedic screws.  The differences in drilling energy 

between the 2.5 mm and 2.7 mm drill bits was minimal, with some divergence 

occurring in the 50 pcf sample group.  The 3.2 mm drill bit showed a consistently 

higher drilling energy across all density groups.  This information is provided 

visually in Figures 30 and 31. 
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Figure 30 - Multi-series bar graph showing the drill bit diameter effects on 

drilling energy across all densities. 

 

 

 

 

 

Figure 31 - Multi-series bar graph showing the effects of drill bit diameter on 

maximum observed load across all densities. 
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Chapter 8 

Results and Future Work 
 

Results 

 
A number of robust correlations have been identified in this study.  In 

summary, the implant substrate density has a definite effect on both the required 

drilling energy and maximum implant pullout strength.  The selection of drill bit 

diameter will influence drilling energy but will not have an effect on the maximum 

axial loading when using self-tapping screws, as additional material will be removed 

during the screw insertion process - thusly mitigating major differences in pre-

insertion pilot hole dimensions.  Smaller-diameter drill bits appear to show more of 

a propensity for flute clogging in higher density substrates, possibly making them 

less efficient in denser samples.  Based on the data made available in this study, there 

exists an optimizable relationship between pilot hole diameter and screw core 

diameter wherein a minimization in the total energy required to place a screw implant 

(including both pilot hole generation and screw insertion) can be performed to select 

an appropriate drill bit for a given orthopedic screw implant.   

Perhaps the most powerful conclusion which can be drawn from this study is 

shown in the models developed for the analysis of the effects of sample density on 

drilling energy. With the proper equipment, the density of a material can be 

accurately estimated for artificial homogeneous blocks using basic modeling 

techniques – even when using relatively limited sample sizes to compute those 

relationships.  For those drill bits which have been identified for this study, drilling 

energy-based sample density estimation models with statistically-significant 

correlation coefficients (R2  > 0.96) have been established. Though the ability to 

effectively predict the holding strength of orthopedic implants is also significant, 
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there were some outlier values which were not effectively represented in the 

modeling techniques used.  There exists enough evidence to assert that more 

advanced mathematical representations can and should be developed which utilize 

an in-depth understanding of the underlying physical principles of drilling bone 

tissue.    

In real-world applications, a measurement system like the SMARTDrill can 

be applied in operating rooms, and orthopedic surgeons will be better equipped to 

make informed decisions on the type of implants necessary to effectively treat their 

patients.  A reduction in the frequency of implant removal and replacement will 

improve patient outcomes.  In addition to that, a near-real-time, non-radiologic bone 

density measurement tool would not only limit the exposure of care providers to 

unnecessary radiation, but it would limit the currently exorbitant costs associated 

with implant waste. 

Future Work 

 
A more developed database of measurements will only lead to stronger 

models; however, more work must be done to ensure that these relationships hold in 

more realistic applications.  The samples used in this preliminary work were of 

uniform density and artificially manufactured.  Bicortical bone surrogate models and 

animal bone models must be used in a similar study to first validate that similar levels 

of confidence can be achieved.  Consideration of a wider array of drill bit sizes and 

types paired with different sizes and types of orthopedic screws must be examined 

to identify possible optimization parameters which could reduce the negative 

outcomes associated with bone drilling and screw implant fixation.  In order to 

evaluate the true difference in the total required energy for the creation of a pilot hole 

in bone material, screw insertion energies should be quantified and analyzed in series 

with drilling energy measurement and axial loading measurements.  It has been 

conjectured that measured drilling energy will correlate directly with the amount of 
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thermal energy generated during the drilling process, and that, too, is a topic 

demanding exploration.  The ultimate goal of each of these proposed future studies 

is to provide more insight into the development of a set of universal mathematical 

models correlating drill bit and screw parameters to drilling efficiency and maximum 

axial loading.  Once a reliable set of models is developed, it can be used to design 

and implement ideal drill bit specifications to reduce thermal osteonecrosis and drill 

plunge, while also optimizing drill bit and orthopedic implant pairing to reduce 

negative patient outcomes and cost associated with implant waste. 
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